The common marmoset (Callithrix jacchus) is a highly vocal New World primate species that has emerged in recent years as a promising model system for studies of auditory and vocal processing. Our recent studies have examined perceptual mechanisms related to the pitch of harmonic complex tones in this species. However, no previous psychoacoustic work has measured marmosets' frequency discrimination abilities for pure tones across a broad frequency range. Here we systematically examined frequency difference limens (FDLs), which measure the minimum discriminable frequency difference between two pure tones, in marmosets across most of their hearing range. Results show that marmosets' FDLs are comparable to other New World primates, with lowest values in the frequency range of~3.5e14 kHz. This region of lowest FDLs corresponds with the region of lowest hearing thresholds in this species measured in our previous study and also with the greatest concentration of spectral energy in the major types of marmoset vocalizations. These data suggest that frequency discrimination in the common marmoset may have evolved to match the hearing sensitivity and spectral characteristics of this species' vocalizations.
Introduction
The ability to discriminate changes in acoustic frequency is an essential element of auditory behavior, critical for the perception of both simple and complex sounds and crucially important for distinguishing among behaviorally relevant acoustic signals in a complex, noisy environment. Frequency discrimination is an important mechanism underlying many of the sound segregation and grouping processes necessary for auditory scene analysis and essentially sets limits on the perception of musical melodies and species-specific vocalizations such as human speech.
The common marmoset (Callithrix jacchus) is a small-bodied New World primate species that has emerged in recent years as a promising model system for studies of auditory and vocal processing (Wang, 2000 (Wang, , 2007 Miller et al., 2016) , including several recent studies examining the behavioral and neural mechanisms of pitch perception for complex sounds (Bendor and Wang, 2005; Bendor et al., 2012; Osmanski et al., 2013; Song et al., 2016) . However, no previous psychoacoustic studies have examined frequency discrimination for pure tones across a broad frequency range in the common marmoset, and such data are critical for future work exploring the underlying mechanisms of complex sound processing, including vocal perception, in this species.
The minimum discriminable frequency difference between two pure tones, the frequency difference limen (FDL), is one of the most important measures of hearing ability for a species and provides an indication of the resolving power of that species' auditory system. FDLs can be presented as either an absolute frequency difference (in Hz) or a relative frequency difference (as a percentage change from a reference frequency; for example, a~6% change in frequency is approximately a one semitone difference on the musical scale and a 100% change is a one octave difference). To a large extent, human perception of frequency roughly correlates more closely with relative changes than absolute changes in frequency. Human psychoacoustic studies have shown that the FDL for pure tones varies with three main parameters: frequency, duration, and sound level (Moore, 1973; Wier et al., 1977) . For example, in humans, relative FDLs generally decrease with increasing frequency up to~1000 Hz before increasing at higher frequencies. Furthermore, relative FDLs tend to decrease for a particular range of frequencies (up to~4 kHz) with increasing duration and/or sound level (at least up tõ 20e30 dB sensation level).
FDLs have been measured in a number of primate species, including humans (Wier et al., 1977; Sinnott et al., 1985 Sinnott et al., , 1987 Sinnott et al., , 1992 , chimpanzees (Kojima, 1990) , Old World monkeys (Stebbins, 1973; Sinnott et al., 1985 Sinnott et al., , 1987 Sinnott et al., , 1992 Prosen et al., 1990) , and New World monkeys (Capps and Ades, 1968; Recanzone et al., 1991; Wienicke et al., 2001) . In general, relative FDLs are lowest in humans (~0.2% change in frequency), larger for chimpanzees and Old World monkeys (~1e2%), and highest in New World monkeys (~2e5%). Across species, the frequencies associated with lowest FDLs almost always overlap with the range of best hearing sensitivity (e.g., Stebbins, 1973; Wier et al., 1977; Kojima, 1990; Wienicke et al., 2001) . There also appears to be a close correspondence between a species' lowest FDLs and the concentration of spectral energy in that species' vocalizations (see, for example, Winter et al., 1966; Newman, 2003) . Such a relationship may reflect the need to reliably detect and discriminate among species-specific communication signals, a process that has likely played an important role in the evolution of the primate auditory system.
In the present study, we systematically examined pure tone FDLs in marmosets across most of their hearing range and compare their frequency discrimination with that of other primates. In addition, marmosets are a highly vocal non-human species, with a vocal repertoire comprising more than 20 different call types (Pistorio et al., 2006; Agamaite et al., 2015) that are produced in a variety of social and behavioral contexts (e.g., Epple, 1968; Rylands, 1993; Newman, 1993, 1997; Norcross et al., 1994 Norcross et al., , 1999 Bezerra et al., 2009; Miller and Thomas, 2012) . Our previous study has suggested a close correspondence between the spectral characteristics of their most common vocalizations and their lowest hearing thresholds (Osmanski and Wang, 2011) . A secondary objective of this study was thus to determine whether there is also a relationship between the region of best FDL sensitivity in marmosets and the spectral characteristics of their vocal repertoire.
Material and methods
All experimental procedures were approved by the Johns Hopkins University Animal Care and Use Committee and were in compliance with the guidelines of the National Institutes of Health.
Subjects
The subjects in this experiment were four male marmosets between 2 and 6 years of age. Each had at least one-year experience in discrimination tasks. Two of the subjects were implanted with a headcap designed for neurophysiological experiments (for a description of procedures, see Lu et al., 2001) . One of these implanted subjects (M4Y) was head-fixed throughout all testing sessions while the other (M13W) was head fixed only in the first half of testing sessions. The other two subjects (M59A, M55Y) were not head-fixed during the testing sessions. Subjects were housed in individual cages in a large colony at the Johns Hopkins University School of Medicine and maintained at approximately 90% of their free-feeding weight on a diet consisting of monkey chow, fruit, and yogurt with ad libitum access to water. Subjects were tested five or six days per week between the hours of 0900 and 1800. Each experimental session lasted approximately one hour.
Apparatus
The basic operant task and apparatus were described in detail previously (Osmanski and Wang, 2011; Remington et al., 2012) .
Briefly, marmosets were seated in a custom restraint chair mounted in the center of a single-walled sound isolation chamber (Industrial Acoustic Company, Model 400A [101(W) Â 183(D) Â 198(H) cm interior dimensions]) with the inside wall of the chamber lined with 3-inch acoustic absorption foam (Pinta Acoustics, model PROSPEC). Sound stimuli were played through a loudspeaker (Tannoy, model Arena) mounted 40e50 cm away in front of the animal's head. Liquid reward (a mixture of Gerber single-grain rice cereal, strawberry and/or banana-flavored Nesquik, and a protein powder supplement) was delivered through a food delivery tube attached to the top of the restraint chair and connected to a syringe pump (New Era Pump Systems, Inc., Farmingdale, NY, model NE-500) mounted to the base of the chair. Subject responses were recorded by monitoring when an infrared photobeam, positioned on a custom bracket at the end of the feeding tube, was broken by the subject licking at the feeding tube. Testing sessions were computer-controlled and monitored via webcam video (Logitech, C905 camera).
Stimuli and behavioral task
Acoustic stimuli were generated offline using Matlab software (Mathworks, Natick, MA) and delivered at a nominal sampling rate of 100 kHz through a multi-processor DSP unit (Tucker-Davis Technologies, Alachua, FL, RX6), followed by a programmable attenuator (Tucker-Davis Technologies, PA5), and an audio ampli-
Subjects were tested at eight different tone frequencies at one octave intervals chosen from the musical scale (ISO 16, 1975) , ranging from 220 Hz (A3 on the musical scale, same notation throughout) to 28,160 Hz (A10). All stimuli had a duration of 200 ms with a 10-ms linear ramp (rise/fall time). The inter-stimulus interval during the task was fixed at 300 ms.
Each trial contained a repeating series of reference tones at a fixed frequency during a random waiting period (~5e12 s). After this waiting period, a "target" sound at a higher tone frequency was alternated with the reference sound for 4.8 s. There were seven targets presented across a given session, one target per trial, according to the method of constant stimuli. All targets were equally spaced in the semitone scale (1 octave ¼ 12 semitones, one semitone equals~6% increase in frequency) and chosen to bracket the presumed threshold. A behavioral response during the reference/ target alternation period resulted in reward delivery while responses outside of this period resulted in the chamber light being extinguished for 2e5 s and a resetting of the trial. No behavioral response automatically led to the start of the next trial. Targets were presented on 70% of all trials while the remaining 30% were catch trials in which no target was presented.
Subjects were tested on all eight tone conditions in pseudorandom order with the exception of A10 (28,160 Hz) which was tested last in all animals (Table 1) . A10 was the final frequency tested because this frequency is near the upper limit of marmoset hearing and it was unclear whether the animals would be able to adequately perform the task in this frequency range. A subject was tested on a particular tone frequency until it reached criterion performance (see Data analysis below), after which it was moved on to the next tone condition.
Stimulus calibration
Stimuli were calibrated using a 1/2-inch free-field microphone (Brüel & Kjaer, Type 4191) positioned in the chamber at the same location as the animal's head. The output of the microphone was amplified using a custom preamplifier, sent directly into a digital signal processor (Tucker-Davis Technologies, RX6), and analyzed using a custom Matlab calibration program written specifically for this hardware configuration. In order to remove sound level as a potential discriminative cue during task performance, all stimuli were played at an average sensation level (SL) of~40 dB, except for the highest testing frequency 28,160 Hz (A10) which was played at 50 dB SL. SL was calculated based on the average audiogram of marmosets previously measured in the same experimental setup (Osmanski and Wang, 2011) . To further ensure that all subjects were attending only to sound frequency in order to correctly perform the task, the sound level of each successive reference tone presentation was randomized within a ±3 dB range. The level of each target sound (which alternated with the reference sounds) was always fixed.
Data analysis
Discrimination thresholds were calculated across a minimum of three consecutive sessions for each animal according to the following criteria: 1) At least 100 trials were completed for each session, 2) A minimum of 520 trials was completed across sessions (i.e., 52 presentations of each target), 3) False alarm rates in each session were less than 30%, 4) Thresholds across multiple sessions did not deviate by an amount greater than the spacing between targets. All hit rates within a session were corrected (HR corr ) from the raw values (HR raw ) based on the false alarm rate (FA) according to the following equation: HR corr ¼ (HR raw e FA)/(1 e FA) (Geschieder, 1985) . Using the above criteria, we defined the FDL for each animal as the frequency difference correctly identified 50% of the time (using linear interpolation of the HR corr curve) across all sessions in each condition.
Relative FDL (FDL rel ) was measured in units of semitones, then converted to absolute FDL (FDL abs 
Vocalization analysis
In order to compare our FDL data with the spectral characteristics of marmoset vocalizations, we measured probability density functions for the dominant frequency of each of the four most common marmoset call types. Probability densities were calculated from several thousand marmoset vocalizations (phee: 12,841, trill: 2287, trillphee: 2372, twitter: 7662) collected from a captive colony that we had previously recorded and quantitatively analyzed (for a description of procedures, see Agamaite et al., 2015) .
Results
Individual psychometric functions from all four marmosets are shown in Fig. 1 . Each panel corresponds to a different reference frequency, between 220 Hz (A3) and 28,160 Hz (A10). Corrected hit rates are plotted as a function of increasing difference between target and reference frequencies, in units of semitones. Threshold (i.e., 50% correct) is denoted by a horizontal dashed line. Overall, hit rates were consistently high at the largest frequency differences, with animals performing at or near 100% correct. Hit rates were lower at smaller frequency differences, reflecting the increasing difficulty of discriminating the target, and were equivalent to the false alarm rate at the lowest frequency differences. Average false alarm rate across all reference frequencies for all subjects was 13.2 ± 5.8%.
Response latencies measured in the present experiment are shown in Fig. 2 . In general, latencies increased as the difference between the target and reference tones decreased. At the smallest frequency differences, response latencies were indistinguishable from those measured in catch trials (i.e., false alarm responses), underscoring the increasing difficulty of discriminating the frequency change during target presentation. Fig. 2 also shows that subjects show consistent individual differences in their latency to respond to the target sounds. Subject M59A (red circles), for example, is typically slow to respond to target presentations while M55Y (green circles) responds rapidly when the difference between the target and reference tone is large.
Individual threshold values (absolute FDLs in Hz, relative FDLs in semitones and in % frequency change) for each subject at each reference frequency are listed in Table 1 . Relative FDLs for each animal at each reference frequency are also shown in Fig. 3A and averaged data are shown in Fig. 3B . Overall, there was general agreement in thresholds across all four subjects ( Fig. 3A and Table 1 ). The relative FDLs deviate from a flat response across frequencies (Kruskal-Wallis test, p ¼ 0.0002). Average relative FDLs decreased from 3.04 semitones at 220 Hz (A3) until reaching a minimum of 0.37 semitones at 3520 Hz (A7) and then increasing again to 1.12 semitones at 28,160 Hz (A10) (Fig. 3B and Table 1 ). The largest sensitivity range was 3.4 semitones, measured in subject M59A, with a high threshold of 3.65 semitones (220 Hz, A3) and a low threshold of 0.25 semitones (3520 Hz, A7) ( Fig. 3A and Table 1 ).
Inter-subject variability in measured thresholds was highest (standard deviation, SD ¼ 0.53 semitones) at low frequencies below 3520 Hz (A7) and reached a minimum (SD ¼ 0.03 semitones) in the frequency range with lowest FDL thresholds (approximately 3520 Hze14,080 Hz, A7 e A9), likely reflecting a floor effect for discrimination at those frequencies of greatest sensitivity. There was also agreement in threshold measures at the highest frequency tested (28,160 Hz, A10), although one subject (M4Y, Fig. 3A [blue line]) showed a lower threshold compared to the other three animals (see Discussion below). Absolute FDL values are shown in Fig. 3C (individual data) and 3D (averaged data). Average absolute FDL values show an increasing trend across reference frequencies, from 42.3 Hz at 220 Hz (A3) to 1885.5 Hz at 28,160 Hz (A10) (Fig. 3D and Table 1 ). This increasing trend is not strictly linear, however, and there is a decrease in absolute FDL values from 147.4 Hz at 1760 Hz (A6) to 76.6 Hz at 3520 Hz (A7) before increasing again. This effect was most prominent in two of the subjects (M59A and M13W, Fig. 3C [red and yellow lines]). Fig. 4 compares data from the current study with previous FDL measurements in other primate species (i.e., human, non-human ape, Old World monkeys, New World monkeys). Despite major methodological differences, almost all primates tested show generally constant relative FDLs across frequency (Fig. 4A ) and a characteristic increase in absolute FDLs with increases in reference frequency (Fig. 4B) . In general, humans (blue lines) show the lowest FDLs, followed by non-human apes (green) and Old World monkeys (orange). New World monkeys (red) show the largest FDLs compared to other primates. Current data from this study are shown in a solid red line.
In order to evaluate whether marmosets show a correspondence between their vocal communication signals and the sensitivities of their auditory system, we compared the FDL data from the current study with the spectral characteristics of marmoset vocalizations previously recorded in our colony (Agamaite et al., 2015) . The top panels of Fig. 5 show representative spectrograms of the four major marmoset call types (i.e., phee, trill, trillphee, and twitter calls), which together account for the majority of vocalizations produced by captive marmosets. Also shown in the bottom panel is the current FDL data plotted against probability density functions for the dominant frequency of each of the major vocalization types. The region of greatest spectral energy (measured as dominant frequency) contained in these marmoset vocalizations is concentrated within the~5e10 kHz range, which agrees well with the region of lowest FDLs (~3.5e14 kHz) in the current study.
Discussion
The present study showed that pure tone FDLs in the common marmoset were lowest in the frequency range of~3e14 kHz (3520 Hz [A7]: 0.37 semitones, 2.2% change in frequency; 7040 Hz [A8]: 0.45 semitones, 2.6% change in frequency; 14,080 Hz [A9]: 0.58 semitones, 3.4% change in frequency), and increased at higher and lower reference frequencies (Table 1 and Fig. 3) . Highest thresholds were seen at the lowest frequency tested (220 Hz: 3.04 semitones, 19.2% change in frequency). In general, marmoset FDLs are higher than those measured in humans and Old World monkeys (Stebbins, 1973; Sinnott et al., 1985; Sinnott et al., 1987; Sinnott et al., 1992; Prosen et al., 1990) , but agree well with previous FDL measurements in other New World primates (Capps and Ades, 1968; Recanzone et al., 1991; Wienicke et al., 2001) . Marmosets showed poorer frequency discrimination abilities at low frequencies below~1000 Hz, which is also the frequency region of lowest hearing sensitivity in this species (Osmanski and Wang, 2011) . Marmosets' lowest FDLs (0.37e0.58 semitones [2.2e3.4% change in frequency] in the range of 3520e14,080 Hz [A7 e A9]), however, were adequate to discriminate frequency differences of one semitone, which is the smallest change in Western musical melodies.
Importantly, although the present study examined marmoset FDLs using only male subjects, it is unlikely that females would have shown results different from those of males. Our previous marmoset behavioral audiogram results included both male and female marmosets (Osmanski and Wang, 2011) , and we observed no sex difference in frequency sensitivity. Furthermore, both male and female marmosets are highly vocal and produce the same basic call types, with similar spectral and temporal characteristics ( Agamaite et al., 2015) .
Influence of HRTF at high frequencies
One caveat of the present data concerns the reliability of the measured discrimination thresholds at the highest frequencies tested (i.e., 14080e28160 Hz, A9eA10). Head-related transfer function (HRTF) data in marmosets from a previous study show a relatively stable HRTF profile at frequencies below approximately 18e20 kHz, but high inter-subject variability at higher frequencies (Slee and Young, 2010) . Furthermore, there is a large notch in the marmoset HRTF profile at approximately 20 kHz (pronounced at 0 azimuth) which is believed to be an important cue for sound localization. Thus, sensitivity to high frequencies above~18 kHz is likely to be influenced by head position. In the extreme case, in which the reference frequency falls into the HRTF notch, a 1 semitone difference in frequency could generate up to a~20 dB difference in sensation level (instead of the predicted change of less than~2 dB). Although sound level was randomized across a ±3 dB range in the present study, we cannot completely eliminate the possibility that the marmosets were using sound level as a cue to perform the discrimination task at the highest frequencies tested, especially at 28,160 Hz. Such a large intensity difference could have facilitated performance, particularly for the two animals that were head-fixed. In fact, the only head-fixed subject (M4Y) in the 28,160 Hz testing sessions indeed showed the lowest FDL at this frequency (e.g., Fig. 1 ).
Comparison with previous studies
Data from the current study agree with previous studies in other primate species (Fig. 4) . Primates generally show constant relative FDLs across frequency and a characteristic increase in absolute FDLs with increases in reference frequency. The lowest FDLs have been measured in humans, followed by non-human apes and Old World monkeys. New World monkeys show the largest FDLs measured in primates.
Frequency discrimination has been examined in only two other New World primates, the owl monkey (Aotus) (Recanzone et al., 1991) and the squirrel monkey (Samiri sciureus) (Capps and Ades, 1968; Wienicke et al., 2001) . Of these, the only systematic examination of FDL sensitivity testing more than two frequencies was conducted in the squirrel monkey (Wienicke et al., 2001) . As with marmosets, squirrel monkeys also show decreased frequency discrimination performance at low frequencies (<1000 Hz), although they appear to show enhanced sensitivity relative to marmosets at frequencies above~4 kHz (Fig. 4A ).
Weber's law predicts that the ratio between FDL and frequency should be a constant value. Furthermore, Wier et al. (1977) estimated that, for humans, the logarithm of the absolute FDL is linearly related to the square root of frequency. The present data show a deviation from these expected patterns, however, where relative FDL values decrease between 1760 Hz (A6) and 3520 Hz (A7), but are relatively constant at higher or lower frequencies (Fig. 4A) . Deviations from Weber's law have been reported previously in other primates, including humans at frequencies below 500 Hz (e.g., Sinnott et al., 1992) . In the squirrel monkey, the ratio between FDL and frequency is constant only above 8 kHz and increases with decreasing test frequency below 8 kHz (Wienicke et al., 2001 ).
Relevance to vocal communication
The hearing abilities of a particular species may be predicted to show a correspondence between the acoustic characteristics of its (Wienicke et al., 2001; Capps and Ades, 1968) , owl monkey (Recanzone et al., 1991) , Old World monkeys (Prosen et al., 1990) , Cercopithecinae (Sinnott et al., 1992; Sinnott et al., 1987; Sinnott et al., 1985; Stebbins, 1973) , Chimpanzee (Kojima, 1990) , and human (Sinnott et al., 1992; Sinnott et al., 1987; Sinnott et al., 1985; Wier et al., 1977) ). In general, humans show the lowest FDLs, followed by non-human apes and Old World monkeys. New World monkeys show the largest FDLs compared to other primates.
vocal communication signals and the sensitivities of its auditory system in order to enhance information transfer in those signals. Indeed, the match between behaviorally relevant acoustic signals and auditory tuning has been extensively studied over the last 50 years, and has been well established across a wide range of taxa, including insects and frogs (e.g., Capranica and Moffat, 1975; Brzoska et al., 1977; Ryan and Wilczynski, 1988; Gerhardt and Schwartz, 2001; Gerhardt and Huber, 2002; Sueur et al., 2010; Schrode and Bee, 2015) , birds (e.g., Dooing and Saunders, 1975; Dooling et al., 1978 Dooling et al., , 1979 Dooling et al., , 2000 Farabaugh et al., 1998; Wright et al., 2003; Gall et al., 2012) , and bats (e.g., Bohn et al., 2004 Bohn et al., , 2006 . A similar correspondence also exists in at least one New World primate species, the squirrel monkey, where lowest FDLs occur in the frequency range of this species' vocal repertoire (Winter et al., 1966; Wienicke et al., 2001; Newman, 2003) .
Similarly, human FDLs are lowest in the spectral region of speech (Wier et al., 1977) .
In order to evaluate whether certain auditory sensitivities in the common marmoset have evolved to match the acoustic features of this species' vocalizations, we compared the FDL data from the current study with the spectral characteristics of marmoset vocalizations recorded in our colony (Fig. 5) . We found that the region of greatest spectral energy contained in marmoset vocalizations is in the~5e10 kHz range, which agrees well with the region of lowest FDLs (~3.5e14 kHz) in the current study. Previous work has also shown that the region of greatest hearing sensitivity in marmosets, in terms of the absolute auditory threshold, also falls within this range (Osmanski and Wang, 2011) . These results are consistent with data derived from many other vertebrate species, including primates, showing a correspondence between auditory perceptual Agamaite et al., 2015) . Panel B shows the FDL data from the current study aligned with probability density functions for the dominant frequency of each of the major call types. Most of the spectral energy contained in these marmoset vocalizations is concentrated within the~5e10 kHz range, which agrees well with the lowest FDLs (~3.5e14 kHz) measured in the current study.
sensitivities and the acoustic characteristics of vocal communication signals. Future studies examining the vocalizations and hearing abilities of a greater variety of primate species will serve to further our understanding of the extent of this relationship between signal production and reception abilities in primate vocal communication.
